We used analogue models to study the fault evolution produced by extension through a heterogeneous crust. In the experiments, the heterogeneous crust consisted of a gently dipping silicone layer surrounded by brittle material. The viscous silicone level simulates a weak, upper crustal nappe stack that formed during a previous phase of shortening. X-ray scanner facilities allowed us to acquire 3D images of the experimental models at regular time invervals and hence to study the fault pattern development and the location of the main depocenters during rifting. The experimental results show that the inherited weak nappe stack acts as a décollement and localizes deformation. In the early stages of extension a system of conjugate high-angle normal faults initiates close to the upper tip of the gently dipping silicone layer near the free surface and propagates upwards, resulting in an initial symmetrical graben configuration. Further extension results in (1) a progressive asymmetry of the rifted zone, due to migration of its right margin down the nappe, (2) a shift of the main depocentre downward along the décollement, and (3) the simultaneous activity of several normal faults within the rifted zone. When the pre-existing silicone layer is oblique to the extension, the normal faults develop in an en echelon array, with a strike intermediate between the azimuth of the gently dipping silicone layer and the extension direction. The experiments also show how rheological differences between areas with potential intracrustal weak layers and adjacent domains without décollement level can lead to significant differences in fault pattern, dimension and orientation of the rifted zone. Complete asymmetry of a rift and switches in fault dip direction between adjacent domains can be explained by the presence of pre-existing upper crustal heterogeneities.
In regions where extension affects a crust previously deformed by shortening, the recognition of the role exerted by inherited heterogeneities in controlling the subsequent crustal extensional deformation is now being increasingly appreciated (Stewart 1999) .
Areas where extension has followed shortening are numerous: in eastern North America, for example, it is well documented that many Palaeozoic shortening-related structures were reactivated during subsequent northwestsoutheast directed Triassic to Jurassic rifting (e.g., Olsen & Schlische 1990; Schlische et al. 2002, and references therein) . In the Mediterranean area, the best examples of pre-existing orogens currently affected by extension are the central Apennines in Italy (e.g., Cooper & Burbi 1986; Lavecchia et al. 1987; Ghisetti et al. 1993 ) and the Hellenides in Greece (Jolivet 2001, and references therein) .
Data from these and other areas clearly suggest that, among many important parameters, the thickness of weak layers and the inherited pre-rift structural architecture can play a pivotal role on the subsequent development of grabenstructures (Stewart 1999) .
Overall, the stacking of crustal slices during orogenesis results in a heterogeneous crustal strength profile. The influence of these preexisting rheological variations on the geometry and kinematics of faulting during subsequent extension represents a key issue for a better understanding of the modes and styles of rifting processes. This problem has already been addressed with a thermomechanical approach by Le using the Gulf of Corinth as an example. In this paper, we used analogue modelling techniques to investigate the influence of inherited heterogeneities on structures that form during rifting. We wish to stress that our modelling does not address fault reactivation, but rather investigates the influence of a pre-existing weak and dipping thrust sheet, embedded within more competent units, on fault development and evolution during rifting. Le Pourhiet et al. (2006) discuss the limits of these analogue models, which are especially related to the boundary conditions that can be imposed.
Although the boundary conditions in our analogue models have been chosen to provide insights into the fault pattern and evolution of the Gulf of Corinth, however our study does not intend to reach an ideal fit with the Gulf of Corinth data. In our opinion, the results of our analogue models can be applied to any natural example undergoing extension with a pre-existing upper crustal heterogeneity (a stratigraphic and/or structural one) that is mechanically weaker than the surrounding material.
The Gulf of Corinth (Greece)
In the Gulf of Corinth, a system of roughly east-west normal faults , and references therein) has been superimposed on the pre-existing structures of the Hellenides thrust belt since Quaternary times (Jolivet 2001) (Fig. 1a) . The thrust belt comprises a series of structures striking roughly N1508E, which are therefore oblique to the subsequent north-south oriented extension. The different tectonic units making up the ancient Hellenides belt are best preserved and visible in outcrop in the western part of the Gulf of Corinth.
The Peloponnese, which forms the highlands of the rift to the south, includes uplifted syn-rift sediments. The possible cause of this general uplift may be associated with both the subduction of the Mediterranean plate and the rift opening (Moretti et al. 2003, and references therein) .
The eastern part of the Gulf of Corinth is characterized by a few major faults that control the current syn-rift sedimentary deposits (Armijo et al. 1996) (Figs 1a, b) . In its central part, the rift is rather symmetrical (Myriantis 1984; Stefatos et al. 2002; Moretti et al. 2003) and its marine part is about 30 km wide (Fig. 1a) . In contrast, westward, the marine part of the rift is narrower (10 km) and the rift is characterized by several closely spaced normal faults that define a series of small faultbounded blocks (see Fig. 1a ). As shown in Figure 1a , the major faults belonging to the rift system show an average trend of N908E to N1008E and are disposed en echelon. Furthermore, their age decreases towards the north (Flotté 2002; Micarelli et al. 2003 , and references therein), but out-of-sequence structures also exist (Causse et al. 2004) . Earthquakes located beneath the northern shore usually indicate extensional failure on east-west striking planes dipping N208E-N408E (Micarelli et al. 2003, and references therein) . In outcrop these faults are planar, have a high dip angle and possibly root onto a gently dipping (roughly 108 -308 to the north) plane defined by a cluster of microseismicity (Fig. 1c) .
The inherited thrust sheets of the Hellenides belt also include the Phyllades nappe, which crops out in a tectonic window south of the Gulf of Corinth (Flotté 2002 ). This nappe is made up mainly of weak phyllosilicates, showing extension lineations towards N308E (Ghorbal 2002) . In the eastern part of the Gulf of Corinth this nappe is absent, or at great depth. In contrast, subsurface data show its presence in all of the western part of the Gulf of Corinth. From a mechanical point of view, the Phyllades nappe represents a major rheological contrast to the surrounding rocks. Recently, Le showed, by means of a thermo-mechanical numerical approach, that the presence of weak and anisotropic phyllosilicates results in an important mechanical weakening factor and influenced faulting during the early stages of the rifting in the Gulf of Corinth. In Le Pourhiet et al. (2006) , new insights on the generation and development of the Gulf of Corinth have been gained by combining 3D numerical and analogue experiments.
Previous analogue modelling of extension through a heterogeneous crust
Up to now, many sandbox models have been performed to investigate the influence of preexisting heterogeneities on fault patterns and kinematics during extension (e.g., Brun et al. 1985; Vendeville 1987 Vendeville , 1988 Vendeville et al. 1987; Tron & Brun 1991; Richard 1991; Nalpas & Brun 1993; Higgins & Harris 1997; Withjack & Callaway 2000; Schreurs et al. 2002) . More recently, Bahroudi et al. (2003) showed that the mechanical characteristics of weak layers play a significant role in controlling the mode and rate of deformation during extension. Experiments where extension has been applied to a brittle-viscous multilayer (Schreurs et al. 2002) , showed that the shape and the position of a weak silicone level embedded within brittle strata has a major influence on the structural style that develops during extension. All these experiments consider a 'layer cake model', i.e., a model where extension is applied to a brittle sandpack resting above a flat basal layer, usually consisting of silicone. The mechanical aspects of interaction between normal faults and pre-existing thrust faults were studied by (2000) and interpretation from Moretti et al. (2003) . (c) Cross-section through the western part of the rift (from Moretti 2004, slightly modified) . The inferred seismogenic zone is represented in light green. The focal mechanisms and hypocenter locations of earthquakes are taken from Rigo et al. (1996) . Faccenna et al. (1995) . Their models underwent first, shortening, resulting in thrust faults with variable dips, and then extension. For lowangle thrust faults (,328+18), no interaction was observed, and normal faults developed independently. For thrust faults with a dip angle of 328+18, the new-formed normal faults branched at depth on the décollement level. Finally, for pre-existing thrust faults whose dip exceeded 418+18, normal reactivation of the thrust planes was observed. In experiments with a sandpack above a stretching basement, McClay and Ellis (1987) showed that the extension above a rigid sloping basement resulted in faults dipping in the same direction as the basal detachment. More recently, Exadaktylos et al. (2003) performed experiments in which the base of the model is gently inclined. Their results showed that extension above a slightly sloping basal detachment leads first to the formation of a symmetrical graben and is followed by the formation of a family of secondary antithetic normal faults which cause an overall asymmetry of the rifted area.
In this context, our experiments are different: the original configuration (before extension) is characterized by the presence of a gently dipping silicone layer embedded within a flat, more competent brittle sand-cake. Our experiments aim to test the control exerted by the weak silicone layer on the style and kinematics of extensional deformation. Further specific parameters investigated in the course of our experiments include (1) the orientation of the embedded silicone layer with respect to the direction of the applied extension, (2) its position within the model, and (3) the role played by sedimentation during extension. The initial burial of the upper tip of the weak thrust sheet as well as its dip are important features for the final geometry; their influence has been discussed in Le . In our sandbox experiments, these parameters have been taken as constant.
Analogue models

Experimental procedure
The modelling techniques used for our purposes are similar to those commonly performed for experiments on brittle-ductile systems at the Laboratory of Analogue Modelling at Institut Français du Pétrole (IFP) (e.g., Colletta et al. 1991; Schreurs 1992; Mattioni et al. 2004 ). The experimental set-up is shown in Figure 2a and b and consists of a wooden box with two free sides. The other two sides of the box consist of two sliding backstops attached to two base plates, and driven by a double conveyor belt system that moves by means of computercontrolled stepper motors. The conveyor belt system allows the deformation to be localized at the base of the model near its central part (i.e., where the two base plates are in contact) where a velocity discontinuity occurs. During deformation, the central part of the sandbox was scanned by X-ray computerized tomography ( Fig. 2c) (Hounsfield 1973; Mandl 1988; Colletta et al. 1991) . This non-destructive technique generates a series of cross-sectional images through analogue models, thus allowing a detailed analysis of their internal geometry and kinematic evolution (e.g., Colletta et al. 1991 ). Attenuation of x-rays passing through a model depends on the materials used and is a function of density, effective atomic number and thickness. The difference in x-ray attenuation of sand, glass powder and silicone, allows us to visualize a stratified model. Furthermore, fault zones can be imaged in X-ray CT tomography, as they represent zones with lower densities and thus lower attenuation with respect to the unfaulted domains. The images obtained by the CT scanner were processed using specific software and then interpreted, more or less as 3D seismic images.
Materials and scaling
In our experiments, we used granular materials (dry quartz sand and glass powder with an average grain size of c. 100 mm) and silicone (polydimethylsiloxane, PDMS). Angles of internal friction of quartz sand and glass powder (about 308 for sand and 398 for glass powder) are similar to those determined by Byerlee (1978) for upper-crustal rocks (408 for normal stresses ,2 kbar and 318 for normal stresses between 2 and 20 kbar). Thus, quartz sand and glass powder are considered to be appropriate analogue materials for simulating brittle deformation in the upper crust (Horsfield 1977; Byerlee 1978 ). This has also been shown by Schellart (2000) , who in addition stated that granular materials have negligible cohesion at very low normal stresses (,400 Pa). Lohrmann et al. (2003) and Ellis et al. (2004) have also pointed out a similarity in the mechanical behaviour of granular sifted materials and the behaviour exhibited by crustal rocks (Barnhoorn et al. 2004) . In fact, sifted dry quartz sand and corundum sand are characterized by elasticfrictional plastic behaviour with an initial phase of strain-hardening preceding failure, which is followed by strain-softening until a stable dynamic value of strength is reached.
The ductile behaviour of rocks in the lower crust and/or of weak layers within the brittle upper crust is simulated by PDMS. Within the range of strain rates used in this study (lower than 10 22 s
21
), the silicone behaves as a Newtonian fluid and has a very low yield strength.
In our models, the model-to-prototype ratio for lengths, L Ã , was 2.5 Â 10 26 , thus implying that 1 cm in the model represents 4 km in nature. To simulate any natural process by analogue modelling, it is necessary to scale the model using the basic principles discussed in detail by Hubbert (1937) , Ramberg (1981) and Vendeville et al. (1987) . Thus, it must be (Table 1) :
( 1) where r Ã is the ratio for densities and g Ã is the ratio for gravity acceleration. As our models were deformed in a natural gravity field, g Ã was 1. The material density of materials used in our models was about half that of natural rocks, so that r Ã was 0.5. Hence, it follows that the stress ratio, s Ã , was 1.25 Â 10 26 (Table 1) . For the velocity, we assumed that 1 cm/hr in our experiments corresponds to 1 cm/yr in nature. Because in our experiments we varied the velocity of extension from 1 cm/hr to 2 cm/hr, thus V Ã changed from 10 4 (for Vmod ¼ 1 cm/hr) to 2 Â 10 4 (for Vmod ¼ 2 cm/hr) (Table 1) . Consequently, this implied that:
(1) for V Ã ¼ 10 4 , T Ã was 2.5 Â 10 210 (i.e., 1 hr in the model corresponds to c. 456,000 years in nature), strain rate ratio 1 Ã (1/T Ã ) was 0.4 Â 10 10 and viscosity ratio 3 Â 10 216 . As the measured viscosity of our own silicone was 2 Â 10 4 Pa s (J. M. Daniel, pers. 
Experimental set-up
The initial configuration of all models consisted of a 1 cm-thick silicone layer directly above the base plates and covered by a 4 cm-thick sandpack (Fig. 2a) . Within the sandpack, we placed a gently dipping silicone layer 0.4 cm-thick, which simulated a ductile level embedded within a more mechanically competent series. The angle a of apparent dip of the silicone layer (e.g., the angle measured along a vertical section perpendicular to the velocity discontinuity) was fixed at 208, which is the dip angle of the seismogenic zone in the western part of the Gulf of Corinth. All the models were subjected to symmetrical extension, with a direction perpendicular to the longitudinal borders of the sandbox. The extension velocity varied between experiments and was either 1 cm/hr or 2 cm/hr (see Table 2 ). The boundary conditions and experimental parameters are summarized in Table 2 . In the first reference model (experiment 1) the strike of the embedded silicone layer was orthogonal to the direction of the applied extension. Thus, this experiment corresponds to a cylindrical 2D case, discussed in Le Pourhiet et al. (2006) . In all other models, the strike of the embedded silicone layer was N1208E (Fig. 2b) , which corresponds to the expected strike of the weak Phyllades nappe in the Gulf of Corinth. Hence, the angle between the trend of the silicone level and the longitudinal sidewalls of the sandbox (b in Fig. 2b ) is 308. In the experiments we tested the influence of (i) the position of the weak silicone layer within the model (experiments 2 and 3), (ii) its geometry (experiment 4), and (iii) the role of syn-extensional sedimentation (experiment 5) on the resulting fault pattern. With the exception of experiment 1 (called 'reference model' in this paper), all the experiments were divided into two parts: one part with and one part without a dipping silicone layer, referred to as 'heterogeneous' and 'homogeneous' crust respectively. This particular configuration allowed us to compare the two different areas and to check the possible interactions between both areas.
Experimental results
In the description of the experiments, we will call those faults dipping in the same dip direction as the silicone level 'synthetic faults' and all faults dipping in the opposite dip direction 'antithetic faults'. These names are used for convenience and do not mean that the antithetic faults are genetically linked to the synthetic ones. All the structures observed within the models have been orientated with respect to a conventional north direction, fixed as shown in Figure 2b . Thus, in the accompanying cross-sections south is on the left side and north on the right side. A thin layer of glass powder (pyrex) near the surface of each experiment acted as a stratigraphic marker, allowing to identify structures on cross-sections during (Fig. 3) . A square grid of coloured sand markers was traced on top of each model to monitor the surface evolution.
The reference model (experiment 1)
In this model, a gently dipping embedded silicone layer strikes orthogonal to the extension direction. The initial geometry and boundary conditions therefore correspond to a 2D experiment with a constant east-west strike of the silicone layer. The evolution of this experiment at four consecutive stages of extension is illustrated in vertical sections in Figure 3a .
In the early stages of deformation, a system of conjugate high-angle normal faults initiates roughly at the upper tip of the gently dipping silicone layer near the free surface. The faults propagate upward with increasing displacement along the dipping silicone layer, thus resulting in a more or less symmetrical graben configuration. As deformation goes on, the footwall south of the initial graben does not move, whereas the more northern rift-bounding fault shifts down slightly along the silicone layer, which acts as a décollement level. This leads to a progressive asymmetrical widening of the basin. Increasing deformation results in a progressive large flexure of the entire northern block, with several east-west striking high-angle normal faults that develop far from the basin at the bulge of the flexure. They dip both northward and southward and have limited offset. In contrast, along the southern margin, the footwall of the synthetic rift-bounding fault rift remains essentially undeformed.
With increasing extension the border faults remain the same all along the experiment, but new faults appear within the rift. The main fault with the highest offset is the one bordering the southern side of the rifted zone. Several minor synthetic and antithetic faults develop within the rift and root on the gently dipping silicone layer. Further opening of the rift is accommodated by progressive, anticlockwise tilting of the minor synthetic faults (changing from an average initial dip of 708 to 458 at the end of extension) on the southern side of the rift. In contrast, the antithetic faults in the northern part of the rift maintain their original dip (around 608) throughout the experiment. After 16% of bulk extension (Fig. 3b) , the rift shows a very marked asymmetrical shape, with one main fault at its southern border showing larger displacement with respect to both minor synthetic and antithetic faults cutting through the rift. At the surface, the resultant rift is bordered to the south by the main east-west striking and north dipping fault (Fig. 4) . The northern side is more complex and defined by three east-west oriented and south dipping fault segments that overlap and link during the latest stages of deformation. Within the basin, minor synthetic and antithetic faults have a general east-west strike and are closely spaced. Their length and displacement are variable, and hence the dimension of the resulting fault-bounded blocks varies as well.
The top view allows us to highlight some other important features displayed on Figure 4 , which corresponds to the surface fault pattern at the end of the extension. The rifted area is confined to a narrow zone within the model, with two adjacent broad domains showing only little deformation. Another important feature is the progressive migration of the depocentre of the basin in the dip direction of the silicone layer during the course of the experiment. Nevertheless, this does not mean that the active faults are restricted to the border of the depocentre; indeed, simultaneous activity of several normal faults located on both sides of the rift can be noted until the end of the experiment (Fig. 3) .
Extension in zones with and without a pre-existing gently dipping silicone layer: a different style in fault genesis and evolution (experiments 2, 3 and 4)
Three analogue experiments were performed in which the dipping silicone layer is only present in the western half of the model. This particular configuration allows us to compare the style of extension in the two areas and to study the structural style in the area of transition. The dipping silicone layer strikes N1208E in all three experiments and is oblique to the north-south oriented extension direction.
In experiments 2 and 3 the initial configuration is the same, with the northwestern and southeastern lateral terminations of the embedded silicone layer being confined by the boundaries of the sandbox. Experiment 4 differs from the previous two as the southeastern lateral termination of the silicone layer ends within the sandpack. The fault evolution above the dipping silicone layer is quite similar for the three experiments, but the abrupt lateral termination of the silicone layer in experiment 4 strongly influences the fault pattern in the transition zone.
Experiments 2 and 3
The initial configuration of these two experiments is the same (see Table 2 ) and consequently the observed fault evolution is very similar. Thus, for practical reasons, we will discuss only the results of experiment 3. Figures 5 and 6 illustrate the evolution of this experiment, as a cross-section and in map view. Both figures clearly show how the evolution of the normal fault pattern is closely related to the presence or absence of the dipping silicone level at depth. In the eastern half of the model (homogeneous domain), a system of conjugate faults develops in an almost symmetrical way at the early stages of extension (cross-section B -B 0 , Fig. 5 ). The normal faults extend down to the top of the basal silicone layer and the initial graben width reflects the depth to the basal silicone layer. With increasing extension, fault offset along existing faults progressively increases and new steep normal faults develop in the footwall of the previously formed normal faults, thus producing a wider graben. Further extension is accomodated by increasing displacement onto the main normal faults and by a progressive tilting of the fault-bounded blocks. Overall, this fault evolution is very similar to the ones previously described in analogue models (e.g., Allemand & Brun 1991; Schreurs et al. 2002) and in nature (e.g., the Gulf of Suez, Colletta et al. 1988; Moretti 2004) .
In the western half of the model (heterogeneous domain), the style and mode of rifting is completely different (section A -A 0 , Fig. 5 ). The fault evolution in the vertical north -south sections is similar to the one described for the reference model. In fact, a conjugate system of high-angle normal faults initiates at the tip of the gently dipping silicone layer near the free surface and leads to an initial symmetrical graben. With continuing extension the rifted area widens by migration of its northeastern border down along the weak silicone layer. Progressive widening of the rift is accommodated by the formation of several closely spaced synthetic and antithetic faults that root on the dipping silicone layer. As for the reference model, further extension results in tilting of the synthetic faults cutting through the southern part of the basin, whereas the antithetic faults in the northwestern part of the rift maintain their original dip. At the end of the deformation, the rift becomes asymmetrical in shape (Fig. 5 , vertical section A -A 0 ). The surface fault pattern that forms above the dipping silicone layer shows an en echelon pattern of normal faults. This evolution differs from the one described for the reference model and is clearly related to the difference in orientation of the dipping silicone layer with respect to the extension direction. The influence of this obliquity on the surface fault pattern will be discussed in more detail later on.
Experiment 4
In this experiment, one lateral termination of the dipping silicone layer ends within the sandpack. This particular configuration allows us to better investigate the fault pattern in the transition zone between the areas with and without a dipping silicone layer. The experimental results are shown in Figures 7, 8 and 9 . The evolution in vertical sections (Figs 7 and 8) is similar to the one described for experiment 3. In surface view (Fig. 9) , the transition zone is characterized by the formation of several sub-vertical transfer faults that strike NE -SW, parallel to the lateral termination of the embedded silicone layer. Figure 9 also shows the change in orientation of the main east-west trending normal faults that developed in the western part of the model and propagated towards the embedded silicone layer. Their strike changes from N908E to N658E. Figure 10 illustrates, by means of six serial vertical sections through the final stage of deformation, the drastic lateral changes in the structural style of extension between the homogeneous (i.e., the easternmost and westernmost parts of the model) and heterogeneous central domain. The transition zone between the two domains is marked by several sub-vertical extensional transfer faults, the location and orientation of which are closely linked to the geometry of the embedded silicone layer. These transfer faults have very large offsets, so the deepest part of the rift is located there (see cross-section E-E 0 on Fig. 10 ). In this experiment, the N458E oriented transfer faults link the N1108E asymmetrical oblique graben above the dipping silicone layer, with the N908E symmetrical graben eastward. The N458E transfer faults clearly correspond to the direction of the eastern lateral termination of the silicone level. The transfer faults appear during the early stages of extension, suggesting a strong control of the extremity of the silicone on their location and orientation (Fig. 9) . In other words, the lateral tip of the silicone layer acts as a strong localizing factor of deformation. At the end of the experiment, the deformed square grid at the surface shows that no strike-slip displacement occurred along these transfer faults. 
Analysis of the fault pattern at the surface
Figures 6 and 9 show the progressive evolution of structures at the surface of experiments 3 and 4, and illustrate the difference in fault pattern between the homogeneous and heterogeneous domains. In the former domain, faults develop orthogonal to the direction of the applied extension. They are few, straight and widely spaced, so that the resulting rift affects a large area of the model. In the heterogeneous domain, the general trend of the resulting rift is not necessarily orthogonal to the direction of the applied extension; rather, it is roughly N1208E oriented, corresponding to the trend of the underlying dipping silicone layer. Therefore, from the onset of extension a marked asymmetry exists in the orientation and distribution of faults at the two sides of the main rift. The southwestern rift boundary is characterized by one main fault striking N1208E, parallel to the underlying dipping silicone layer. This main fault and the minor synthetic faults that form very close to it, maintain their original trend parallel to that of the underlying silicone layer until the end of the experiment. In contrast, Figures 6 and 9 show that the northeastern border is structurally more complex. It consists of a system of en echelon antithetic faults, organized in a dextral stepping arrangement, that formed during the early stages of extension. Their strike of roughly N1058E is intermediate between the strike of the underlying gently dipping silicone layer and that of the applied extension. As extension continues, these antithetic faults become slightly sigmoidal in shape with their lateral terminations becoming progressively parallel to the strike of the silicone layer. At the end of the deformation (Figs 6 and 9 ), the surface fault pattern in the heterogeneous domain is clearly different from the one in the adjacent domains. The main rift zone in the heterogeneous domain is very narrow and characterized by several closely spaced and short faults. These faults are not orthogonal to the direction of the applied extension, but the general trend of the rift is roughly parallel to that of the underlying gently dipping silicone layer.
Effect of syn-rift sedimentation (experiment 5)
In this experiment, two cycles of syn-rift sedimentation were simulated: the first one (represented in green in Fig. 11 ) after 6% and a second one (light green in Fig. 11 ) after 12% of bulk extension. Figure 11 shows four consecutive stages of deformation through the domain with the gently dipping silicone layer. The initial model configuration is exactly the same as the one for experiment 4 (see Table 2 ) and the overall fault evolution was rather similar. Nevertheless, several important features are worth noting: for example, at the end of the deformation (Step 4 of Fig. 11) , the faults within the rift propagated up to both the first and second cycle syn-rift deposits. These syn-rift deposits are clearly cut and offset, highlighting once again the contemporaneous activity of several faults. Another important feature is the location of the depocenter within the rift with respect to the location of the main fault of the system. The depocenter is located northward, since the graben is deeper in this area. Nevertheless the faults that have the larger offset are along the other margin. Table 3 summarizes the main results from our analogue model experiments. Overall, the experiments show that rheological differences between areas with and without a dipping silicone layer ('heterogeneous' and 'homogeneous' crust, respectively) lead to marked differences in fault evolution.
Discussion
The following differences between the two areas are evident from the analysis of the analogue experiments:
(1) Extension occurs in a deformation zone that is much wider in the area with homogenous crust than in the area with heterogeneous crust (see Figs 5, 6, 7 and 9) .
(2) The extension through the homogenous crust is accommodated by relatively few normal faults in comparison to those developed above the heterogeneous crust. Faults in the homogeneous crust are straight, long, widely spaced and with large displacements, whereas in the heterogeneous crust they are more numerous, short and closely spaced. Furthermore, faults in regions of homogeneous crust sole out into the basal and flat weak silicone level without intersecting each other. In contrast, faults developed in regions of hetereogeneous crust root onto the dipping silicone layer, and some of them intersect each other. From our models, a first major difference observed between the domains of homogeneous and heterogeneous crust concerns the shape and geometry of the resulting rift. In particular, rifting in regions of heterogeneous crust ultimately results in a marked asymmetry. In fact, from Figures 3b and 8 , it may be seen that at the end of the deformation, the resulting basin is characterized by a major fault bordering its southern side and showing larger displacements with respect to those observed along the minor synthetic and antithetic faults cutting through the basin. This particular shape of the rift is not observed in domains where extension affected a homogeneous crust; here in fact, the extensional deformation affects a wider area and the resulting rift is characterized by a symmetrical shape. This symmetry is defined by a system of conjugate faults that develops at the early stages of deformation and extends down to the top of the basal silicone layer. In all experiments, the east -west orientation of faults in the homogeneous domain is consistent with the far-field applied stress system. At the surface, the spacing Fig. 11 . Experiment 5. Enlargement of the stretched area above the gently dipping silicone level showing the evolution at four successive stages of extension. This experiment differs from the others since two cycles of syn-rift sedimentation have been carried out (the first one marked in green, the second one in light green).
of the faults reflects the brittle layer thickness, as already observed by Vendeville et al. (1987) .
This particular fault genesis and evolution is markedly different from the one observed within the heterogeneous domain. In the latter domain, fault genesis and evolution is controlled to a large extent by the pre-existing embedded heterogeneity that is mechanically weaker than its surroundings. This heterogeneity results in a strong localization of the deformation in an area located above the silicone layer (Figs 3, 5 and 7). Only at the earliest stages of deformation is the developing rift more or less symmetrical, and is defined by a system of conjugate planar, normal faults. The normal faults extend down to the upper termination of the silicone layer, which acts as a décollement level. As deformation continues, the northernmost fault of this conjugate system progressively shifts down to the ductile level, and the graben gradually becomes asymmetrical. With increasing deformation, the formation of minor synthetic and antithetic faults and tilting of fault-bounded blocks accommodate further widening of the rift. These new faults develop at the hanging wall of the older ones and root on the gently dipping décollement level. Thus the oldest faults are those bordering the two sides of the rift.
The maximum depth and width (measured in sections through the central part of the graben) of the graben above the gently dipping silicone layer have been measured at different phases of bulk extension (Fig. 12) . Both maximum graben depth and width increase roughly proportionally with increasing shear displacement along the gently inclined décollement level (see also Exadaktylos et al. 2003) . The ratio between the maximum graben depth and width at different stages of the extension remains roughly constant, except during the initial phases of extension when this ratio is at its minimum value. This suggests that in the early stages of extension, the rift zone increases mainly in width rather than in depth, whereas with continuing extension, the amount of offset increases and the rift deepens quickly.
The analogue experiments indicate that fault orientation and fault pattern during extension can be profoundly controlled by the orientation and depth of a crustal heterogeneity. In fact, in experiments in which the gently dipping silicone layer strikes obliquely (with b ¼ 308, Figs 6 and 9) to the direction of the applied extension, the strike of the normal faults forming above the heterogeneity is not necessarily orthogonal to the direction of extension. Rather, two groups of coeval normal fault orientations can be distinguished; a first group includes faults striking parallel to the direction of the underlying gently dipping silicone layer. These are mainly synthetic faults which form at the southern side of the rift where the silicone level is very shallow. The second group includes the antithetic faults that develop at the northeastern side of the rift, where the silicone layer is at a greater depth. These faults are arranged in a dextral en echelon arrangement with an orientation of N1058, i.e., intermediate between the trend of the underlying gently dipping silicone layer and that of the farfield applied stress regime.
On the other hand, the presence of a gently dipping silicone layer acting as a décollement level and oriented obliquely to the direction of the applied extension seems also to control the fault pattern of faults that formed far from it. Figure 9 shows how major east-west striking faults that developed in regions of homogenous crust deflect abruptly as they approach the embedded silicone layer.
Applicability of the analogue models results to the Gulf of Corinth
Despite the inherent idealizations of analogue models and the fact that they are only partially scaled, some important similarities can be observed with respect to the Gulf of Corinth. The west (left)-east (right) changes in fault pattern described in those models with a weak silicone layer oblique to the direction of the applied extension (e.g., experiment 4 in Figs 6 and 9), reflect very well the west-east variations observed in the Gulf of Corinth. There is also good agreement between the eastern homogeneous domain of experiments 3 and 4 (see Figs 6 and 9) and the eastern part of the Gulf of Corinth, where the weak Phyllades nappe is not present, or at least, is at great depth (see Fig. 1a, b) . Here, both rifts (model and nature) are rather symmetrical, wide and with few and widely spaced major faults (see also Fig. 1b and cross section B-B 0 in Figs 5 and 7 ). The trend of these faults is roughly east-west, which is clearly the expected direction if one considers the orientation of the present-day northsouth extension. The western part of the Gulf of Corinth is characterized by several closely spaced normal faults that define a series of faulted blocks (see Fig. 1a ). These faults show an average trend of N908E-N1008E, which is rougly intermediate between the direction of the present-day extension and the strike of the underlying Phyllades nappe. This structural setting is very similar to the one observed in the western part of experiments 3 and 4 (Figs 6 and 9) . From the analogue model results we infer that the en echelon structure observed in the western part of the Gulf of Corinth and the lack of field evidence for major transverse faults can be explained by the obliqueness between the present direction of extension and the dip direction of the crustal heterogeneity presented by the Phyllades nappe.
In the Gulf of Corinth, the present depocenter in the western part is located near the northern shore, southward of the island of Trizonia (Stefatos et al. 2002; Moretti et al. 2003) (Fig. 1a) . The island itself appears to be a horst. Similar features are observed in experiment 4, where horsts exist above the weak thrust sheet and are located either in the central part or near the northern margin (Fig. 8) . In the western part of the Gulf of Corinth, the current depocenter is located in front of the Trizonia fault, i.e., near the northern shore of the rift as in experiment 5. However, the results of only one experiment performed with this particular configuration (sediments only deposited in the deepest part of the graben) have to be regarded with caution. Nevertheless, they might be of use for future experimental studies.
Concluding remarks
The role played by inherited heterogeneities on normal fault genesis and evolution has been investigated by means of small-scale analogue model experiments. The experimental results indicate that the presence of structural heterogeneities within the brittle crust can profoundly influence the subsequent fault pattern and the distribution of deformation during a rifting episode. An embedded weak silicone layer simulating an inherited weak nappe behaves as a décollement level during extension, inducing a strong localization of faulting in a narrow area. Rheological differences between areas with intracrustal weak layers and adjacent domains of homogeneous crust can lead to remarkable differences in fault patterns and dimensions of the final rift. In the presence of an embedded gently dipping ductile layer, the resulting rift is completely asymmetrical, with one major border fault showing larger displacements and several other minor synthetic and antithetic faults cutting through the basin. These faults are closely spaced and short and the fault-bounded blocks are small. This fault pattern is markedly different from the one observed in domains of homogenous crust where the applied extension is spread over a wider zone. The resulting rift is symmetrical and the deformation is accommodated by means of a few, widely spaced and long faults. The produced horst-and-graben morphology is characterized by a series of large tilted fault-bounded blocks.
Our results document how the orientation of an interlayered gently dipping ductile layer can control the pattern and orientation of faults rooting on it and of faults that form further away from it. In fact, in experiments where the dipping silicone layer was oblique to the applied extension direction, the faults bordering the northeastern side of the rift above the gently dipping décollement level, form a dextral stepping en echelon arrangement, and their orientation is intermediate between the trend of the underlying gently dipping silicone layer and the far-field applied extension direction. On the other hand, major faults in regions of homogeneous crust also deflect their orientation as they approach the weak dipping silicone layer.
Rift asymmetry and along-strike changes of dominant fault dip in rifts occur frequently in nature (Bosworth 1985; Rosendahl 1987; Colletta et al. 1988; Moretti 2004) . The analogue models presented here clearly indicate that an upper crustal heterogeneity may induce such an asymmetry.
There is a good agreement between our experiments and the Gulf of Corinth, especially as far as the change in fault pattern from west (presence of a dipping weak layer) to east (absence of a weak layer) is concerned. Our experimental approach may provide useful constraints for the understanding and the interpretation of complex geometries and kinematics in natural zones of extension through a heterogeneous crust.
